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The eS-Sence of -SH Minireview
in the ER
for the abundant ER protein Grp94/gp96, a stress-regu-
lated member of the Hsp90 family, has yet to be identi-
fied. The response to accumulation of misfolded pro-
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200 Longwood Avenue teins is the induction of the unfolded protein responses,
characterized by increased expression of ER residentBoston, Massachusetts 02115
chaperones and PDI (Cox et al., 1993). The failure to
successfully complete protein folding is thus linked to
the cell's attempt to repair this defect. In conclusion,Most proteins can reach theirnative folded statesponta-
the environment into which a nascent chain makes itsneously in the test tube, but do so slowly and ineffi-
first appearance is quite different from the conditionsciently. In contrast, protein folding in the living cell is
used to establish requirements for, and patterns of, S-Sremarkably fast and efficient, owing to the guidance
bond formation in the course of refolding in vitro.provided by molecular chaperones.
Clearly not all S-S bond formation mustoccur cotrans-In eukaryotes, protein folding and S-S bond formation
lationally: imposition of a reducing environment on theare coupled processes that occur both co- and post-
ER, by addition of a reducing agent such as DTT to thetranslationally in the endoplasmic reticulum (ER), the
culture medium, abrogates S-S bond formation almostmain port of entry for secretory and membrane proteins.
instantly, yet the effects of such treatment are largelyOnce formed, S-S bonds are considered part of the
reversible in the absence of ongoing protein synthesisprimary structure of a protein and often maintain the
(Braakman et al., 1992). Similarly, in vitro translationstable folding pattern of proteins that contain them. Two
experiments indicate that S-S bond formation is initiatedpapers in the January issue of Molecular Cell (Frand and
on nascent chains, but may be completed posttransla-Kaiser, 1998; Pollard et al., 1998) shed new light on the
tionally, strongly dependent on the location of the pro-molecular machinery that introduces S-S bonds in vivo.
spective S-S bond in the completely folded structure.Much of our present understanding of protein folding
Polypeptides synthesized in vitro under reducing condi-and the role of S-S bonds therein stems from experi-
tions can acquire S-S bonds posttranslationally simplyments that examine the refolding in vitro of completely
by changing the redox potential of the folding environ-reduced, full length polypeptides. However, a nascent
ment. Refolding experiments in vitro have establishedpolypeptide chain must acquire not only the proper set
catalyst-assisted rearrangement of S-S bonds in theof disulfide bonds for attaining its final, functional con-
process of refolding. While indeed the in vitro refoldingformational state. A further set of characteristic modifi-
experiments illuminate the possible range of intermedi-cations occur cotranslationally and require interactions
ates and the kinetics of their generation, their relevanceof a series of proteins with the nascent chain (Figure 1)
for protein folding in living cells remains to be evaluated.that will affect its folding environment. For a mammalian
The chemistry of S-S bond formation is well under-cell, a short catalog would include the following. Cleav-
stood. The formation of disulfides involves the transferable signal peptides are removed from thenascent chain
of two electrons from two thiols to an acceptor, withby the action of signal peptidase. N-linked glycans are
the concomitant formation of the S-S bond (Figure 2).attached, the enzymatic machinery for which must
In the ER of living cells, electron acceptors are likely totherefore be in close proximity to the translocation chan-
be oxidized glutathione (GSSG), cystine (S-S bondednel. cis-trans isomerization of proline residues, a bottle-
cysteine), and their mixed disulfides, as well as oxidore-neck for protein folding in vitro, is catalyzed on nascent
ductases such as PDI. The resultant mixed disulfidespolypeptides by the protein prolyl isomerase (PPI). Intra-
are attacked by the cysteine residue that will close thechain S-S bond formation also occurs on the nascent
intrachain S-S bond. Rate-limiting factors in S-S bondchain. Protein disulfide isomerase (PDI), an abundant
formation are the deprotonation of thiols giving rise toER resident enzyme was reported in close proximity to
the reactive thiolate anion, the accessibility of thesethe nascent chain and is thought to be involved in both
thiolates to electron acceptors, and the spatial relation-the formation and the reshuffling of S-S bonds already
ship of the cysteines involved, as determined by thepresent. The ER resident chaperones calnexin and cal-
structure of the folding intermediate. The chemical mi-reticulin bind unfolded substrates in lectin-type fash-
croenvironment affects the stability of the thiolate anionion, sense the acquisition of a (locally) folded state,
and hence determines the reactivity of individual cyste-and then release them in a manner that involves cycles
ines within a polypeptide. Most cysteine thiols are fairlyof deglucosylation and reglucosylation (Hebert et al.,
unreactive at a physiological pH but in the context of a1995). Again, these interactions are initiated on the na-
polypeptide chain, i.e., under the influence of adjacentscent chain. Polypeptides do not emerge into the ER at
electron-withdrawing sidechains or the a helix dipole,a constant rate, and as shown for ApoB, polypeptides
their pKa can drop to below 5.0 (as compared to a pKathat will ultimately acquire an ER-lumenal disposition
of 8.7 for free cysteine) ensuring reactivity at neutral pH.may transiently expose a sizable portion of the nascent
Protein folding, driven by minimization of free enthalpy,chain to the cytosol, and presumably to chaperones that
results in juxtaposition of cysteines about to engage inreside there (Hegde and Lingappa, 1996). Additional ER-
disulfide bond formation. While protein conformationresident chaperones (Bip/Kar2p) may serve not only to
assist protein folding, but also to act as molecular ratch- may be stabilized by S-S bonds, the process of folding
appears largely independent of the formation of S-Sets involved in importing proteins into the ER. A function
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Figure 1. Cellular Compartments Involved in S-S Bond Formation
(Left) The ER lumen of a eukaryote. The nascent chain emerges into an environment where it interacts with many ER-resident proteins that
restrict and guide its folding. The nascent chain may even be exposed transiently to cytosolic heat shock proteins (left, Hsp). PPI, protein
prolyl cis-trans isomerase; Grp94, glucose-regulated protein (94 kDa), an Hsp90 family member; BiP, immunoglobulin heavy chain binding
protein, the mammalian Kar2p equivalent; PDI, protein disulfide isomerase (dimer); Ero1p, the newly discovered yeast gene product involved
in S-S bond formation; Crt, calreticulin; Cnx, calnexin; OST, oligsaccharidyltransferase; SP, signal peptidase.
(Right) The periplasmic space of a gram-negative bacterium as an S-S bonding compartment. PPIs such as RotA, SurA, and FkpA but none
of the classical chaperones have been so far identified in the periplasm, a compartment devoid of ATP (Missiakas and Raina, 1997).
DsbA, E. coli oxidoreductase capable of introducing S-S bonds. The redox state of DsbA is reset through the action of DsbB, which in turn
could be reoxidized through coupling to cytoplasmic redox couples.
bonds (Creighton, 1997). However, both the reactivity be required for a more complete understanding of these
of thiolates as well as stability of an S-S bond depend issues.
on their accessibility to reducing agents. Buried in the It is here that a genetic approach, producing defined
hydrophobic core of a folded polypeptide, thiols are lesions in the pathway that leads to S-S formation, is
unreactive and a catalyst with chaperone-like properties likely to bear fruit. Bacterial enzyme systems that facili-
such as PDI is required to access them. Once formed, tate S-S bond formation have now been dissected
such S-S bonds are stable in a reducing environment. genetically. In gram-negative bacteria, most S-S con-
The intracellular distribution of oxidized and reduced taining proteins are secreted into the periplasmic space.
glutathione (GSH) is compartmentalized (2 mM total cel- A series of gene products referred toas Dsb (fordisulfide
lular concentration, with an overall GSH/GSSG ratio of bond formation) A-E have been identified, and much is
30±100:1, and an ER ratio of 1±3:1) and fits quite well known about their biochemical properties (Raina and
the requirements for S-S bond formation in the ER, and Missiakas, 1997). DsbA acts as a strong oxidant and is
moreover with the estimates for the actual concentra- capable of net S-S bond formation, yet it appears unable
tions and ratio of GSH/GSSG that are optimal for reoxi- to reshuffle S-S bonds. For these reactions to besustain-
dation of fully reduced unfolded proteins in vitro (Hwang able, reduced DsbA must be reoxidized, a process in
et al., 1992). Reduced GSH generated in the process which the inner membrane protein DsbB is involved
may be cleared simply by secretion, to be replenished (Guilhot et al., 1995). DsbB's inner membrane disposi-
by selective import of GSSG from the cytosol. Reduced tion immediately suggested the possibility of coupling
PDI itself could be reoxidized through interaction with to cytoplasmic electron transport chains to allow reoxi-
GSSG.
dation of DsbA. A protein disulfide isomerase activity is
From studies in vitro, PDI has been implicated both
catalyzed by DsbC. While an S-S reshuffling reaction is
in the formation of S-S bonds andÐpossibly more
redox-neutral, the involvement of DsbD, itself a mem-importantlyÐthe rearrangement of existing S-S bonds
brane protein, is required for maintenance of DsbC in(Weissman and Kim, 1993). The extent to which PDI is
the reduced state (Rietsch et al., 1997). The linkage ofinvolved in their net formation in vivo is still a matter of
the redox state of the Dsb gene products to eventsdebate. Even though most proposed reaction schemes
that occur in the cytoplasm is convincing and begs theinvolve mixed disulfides between PDI and its protein
question whether a similar mode of coupling tocytosolicsubstrates, no such mixed disulfide intermediates have
components will apply to eukaryotes as well.ever been trapped from living cells. If the rate-limiting
Two reports by Frand and Kaiser (1998) and by Pollardstep is the initial formation of the mixed disulfide, fol-
et al. (1998) now describe the discovery of ERO1 (ERlowed by its rapid resolution through an attack of the
oxidation-1), a gene with a key function in S-S bondvicinal cysteine residue on this mixed disulfide (Figure
formation in yeast and all other eukaryotes, as judged2), such intermediates might be hard to detect. Identifi-
cation of S-S bonding intermediates in living cells will from the presence of homologs in species as divergent
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Figure 2. The Formation and Reshuffling of S-S Bonds
Net formation of S-S bonds is promoted through mixed disulfide exchange with oxidized glutathione (GSSG; -SH and S-S in red) or as catalyzed
by an oxidoreductase (-SH and S-S in blue) such as oxidized PDI or DsbA. The reshuffling of S-S bonds is catalyzed by reduced PDI or its
functional equivalent in bacteria DsbC. Ero1p may serve to reoxidize PDI or low MW compounds required for mixed S-S formation, either of
which could occur directly or through oxidoreductases that remain to be identified.
as man and trypanosomes (Frand and Kaiser, 1998; Pol- formation, raises a number of important issues. Unlike
PDI, which is readily released from microsomal prepa-lard et al., 1998). ERO1 is essential for cell growth, and
loss of its function jeopardizes oxidative protein folding rations, Ero1p is a membrane-associated glycoprotein
whose attachment involves components other than thosein the ER through failure to complete S-S bond forma-
tion. Cell growth of a conditional ero1 mutant can be known at present. Lacking an authentic transmembrane
anchor, its retention in the ER cannot be explained byrestored in the presence of diamide, a membrane-per-
meable oxidizing agent. Conversely, overexpression of direct interaction with more conventional ER-retention
devices such as the HDEL/KDEL receptor system com-Ero1p, also upregulated as part of the unfolded protein
response, confers tolerance to DTT in a dosage-depen- monly found in eukaryotes.Absent an electron acceptor,
an attractive proposal would be that some of the missingdent manner. These findings establish an essential role
for Ero1p in thegeneration of oxidizing equivalents in the components that could anchor Ero1p to the lumenal
aspect of the ER might themselves be proteins that areER. Importantly, Ero1p fulfills functions clearly distinct
from those of PDI, since neither upregulation of PDI nor part of an electron transfer chain involved in S-S bond
formation. It is unknown whether Ero1p actually cata-the PDI homolog EUG1 compensates for loss of Ero1p.
What could the function of Ero1p be? The net formation lyzes net S-S bond formation in the substrates it inter-
acts with. The E. coli product DsbA, while a strong oxi-of S-S bonds is usually explained on the basis of ex-
change reactions (see Figure 2). Homeostasis of the ER dant, is unable to reshuffle nonnative S-S bonds, a task
entrusted to DsbC. On the other hand, PDI is a muchredox potential, maintained perhaps in part by secretion
of reducing equivalents generated in the course of oxi- weaker oxidant, yet it is clearly capable of reshuffling
disulfides. As both studies point out, the functional attri-dative protein folding, relies on a continuous supply of
S-S bonded molecules (Carelli et al., 1997). Ero1p, as butes of Ero1p immediately invite comparison with the
bacterial DsbB product. Structural attributes of Ero1psuggested by both studies, is likely to be part of a redox
cascade that supplies these molecules. The membrane are consistent with the presence of an iron-sulfur center,
as an obvious candidate for the redox reactions cata-association of Ero1p suggests the possibility of coupling
S-S bond formation to other events associated with the lyzed, a proposal that should be readily verifiable.
A further surprising aspect of the Frand and KaiserER membrane or perhaps even the cytosol. Oxidation
of free thiols could be accomplished through generation study is the seeming lack of involvement of glutathione
as a requisite source of mixed disulfides. In yeast strainsof FADH2 and/or NADPH andÐas suggested by Frand
and KaiserÐwould allow for coupling to the pathways unable to synthesize glutathione, S-S bond formation is
still possible in the presence of DTT, and consequentlyused for fatty acid and sterol biosynthesis, both of which
consume reducing equivalents. there must be a source of mixed disulfides other than
glutathione. The availability of yeast strains with definedThe discovery of the ERO1 gene, and placing the func-
tion of its product squarely in the cascade of S-S bond lesions in the pathway may allow for a more direct exam-
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ination of S-S bonding intermediates in living cells and
could provide missing pieces of the puzzle. It is more
likely than not that in other eukaryotes the rules that are
now being unraveled in yeast will apply with equal force,
and that the functional similarities with the bacterial
products involved in S-S bond formation will be equally
compelling.
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